We present deep Keck/NIRC2 1.6 and 3.8 µm imaging of Fomalhaut to constrain the near-infrared (IR) brightness of Fomalhaut b, recently confirmed as a likely planet (Currie et al. 2012a) , and search for additional planets at r proj = 15-150 AU. Using advanced/novel PSF subtraction techniques, we identify seven candidate substellar companions Fomalhaut b-like projected separations. However, multi-epoch data shows them to be background objects. We set a new 3-σ upper limit for Fomalhaut b's H-band brightness of m(H) ∼ 23.15 or 1.5-4.5 M J . We do not recover the possible point source reported from Spitzer/IRAC data: at its location detection limits are similar to those for Fomalhaut b. Our data when combined with other recent work rule out planets with masses and projected separations comparable to HR 8799 bcde and M > 3 M J planets at r proj > 45 AU. The James Webb Space Telescope will likely be required to shed substantial further light on Fomalhaut's planetary system in the next decade.
Introduction
The nearby A star Fomalhaut has long been suspected of harboring a planetary system, given its bright, dusty Kuiper belt-like debris ring (Aumann et al. 1985; Stapelfeldt et al. 2004; Acke et al. 2012 ) whose pericenter offset from the star is consistent with dynamical sculpting from an embedded planet (Kalas et al. 2005) . Using the Hubble Space Telescope's Advanced Camera for Surveys (ACS), Kalas et al. (2008) identified a candidate companion, Fomalhaut b, thought to be consistent with a jovian planet sculpting the debris ring (Chiang et al. 2009 ) whose emission is at least partially due to a planet atmosphere and circumplanetary accretion. However, sensitive IR observations failed to recover Fomalhaut b (Marengo et al. 2009; Janson et al. 2012) , raising doubts about its status as a planet and whether the claimed detection was spurious.
However, in late 2012 Currie et al. (2012a) announced the confirmation of Fomalhaut b, recovering it at a high signal-to-noise in multi-epoch data in filters where Kalas et al. 2008 reported detections -F606W and F814W -and reporting a new ACS detection at F435W. With detections at three filters and new IR upper limits at J band (1.25 µm), Currie et al. (2012a) showed that Fomalhaut b's emission can be completely explained by scattered starlight from small dust, not thermal emission or accretion, but that this dust is likely bound to a planet-mass body. Soon thereafter, Galicher et al. (2013) independently reported their recovery of Fomalhaut b at the three ACS filters, presented an optical detection from 2010 STIS data 1 , and provided additional, sensitive near-IR upper limits using WFC3.
While Fomalhaut b is a real object and likely identifies a planet-mass companion, the system may harbor additional planets. In addition to a cold debris ring, Fomalhaut has a warm, asteroid belt analogue located far closer to the star (≈ 10-20 AU; Su et al. 2013; Stapelfeldt et al. 2004 ). This configuration is similar to that for another A star, HR 8799 (Su et al. 2009 ), which has debris populations at ≈ 9 AU and ≈ 95 AU with four directlyimaged planets located at a proj ≈ 15-70 AU between the debris populations (Marois et al. 2010; Currie et al. 2011a) . Preliminary results on Fomalhaut b's astrometry may point to a high eccentricity, ring-crossing orbit due to dynamical perturbations from another planet (Kalas et al. 2013 , though see Galicher et al. 2013 . Finally, it is unclear whether Fomalhaut b -or another object -is sculpting the debris ring: Janson et al. (2012) identify a candidate point source located interior to Fomalhaut's debris ring but on the opposite side whose brightness would be consistent with that from a jovian mass companion.
In this Letter, we present new ground-based high-contrast imaging limits on the infrared brightness of Fomalhaut b and a search for the unseen planets responsible for sculpting the host star's debris belts from 2.
′′ 0 to 20. ′′ 0 (≈ 15-150 AU). This work complements recent searches conducted over narrower/smaller ranges in angular separations (Kenworthy et al. 2009 (Kenworthy et al. , 2013 , presenting the first deep constraints on a hypothetical Fomalhaut 'c' at ≈ 4-6 ′′ or a projected separation of ≈ 30-45 AU, similar to the inner two HR 8799 planets c and d (Marois et al. 2008a ).
Data
Observations -We downloaded 2002-2005 NIRC2 data from the Keck Observatory Archive (KOA) in the H (1.65 µm) and L ′ (3.8 µm) filters (PIs B. Zuckerman, E. Becklin, and P. Kalas; Table 1 ) obtained either as a part of the first large ground-based exoplanet imaging surveys (e.g. Kaisler et al. 2005) or as targeted observations of Fomalhaut after the discovery of its debris ring (Kalas et al. 2005) . The 2002 The -2003 Fomalhaut data sets were obtained in classical imaging; others were obtained in angular differential imaging (ADI Marois et al. 2006) . Kalas et al. (2008) previously report H-band upper limits for Fomalhaut b from Keck/NIRC2 2005 data. The data include those obtained in the wide camera (39.69 mas/pixel) able to identify objects at wide separations like Fomalhaut b and the narrow camera (9.952 mas/pixel; Yelda et al. 2010 ), sensitive to objects within ∼ 5 ′′ . Basic image processing steps followed previous NIRC2 reductions (Currie et al. 2012b,c) . We adopt the narrow camera distortion correction used in Yelda et al. (2010) and the empiricallydetermined wide camera correction (kindly provided by Hai Fu).
PSF Subtraction -Although the 2002-2003 data were obtained in classical imaging, we nevertheless were able to apply PSF subtraction techniques normally restricted to ADImode data (3rd paragraph). Briefly, for alt-az telescopes like Keck, in ADI mode objects located off-axis from a star change in position angle on the detector while quasi-static speckles remain fixed. In classical imaging such objects stay fixed in position while much of the speckle pattern rotates with time. However, the rotation rate of the speckle pattern, like for off-axis point sources in ADI data, is equal to the rate-change of the parallactic angle.
Thus, we can mimick an ADI dataset with frames i = 1...N tot obtained in classical imaging by rotating each image i by its change in parallactic angle from the first image: δθ i = -1×(P A o -P A i ). To realign each image with north-up after PSF subtraction, we derotate each image i by the same δθ i , as in a normal ADI data set. Applying this method, we partially suppress quasi-static speckles and achieve significantly deeper contrast gains than simple unsharp masking, subtraction using a 180-degree rotated PSF, or subtraction with a PSF reference star. This method has been independently and successfully tested, yielding a detection of HR 8799 c from July 2004 NIRC2 classical imaging data presented in Marois et al. (2008a) (C. Marois, 2013 pvt. comm.) and can be applied to numerous KOA classical imaging data to identify new planets.
For PSF subtraction, we explored several approaches. For the H-band data and regions beyond 3
′′ in the L ′ data we used A − LOCI with default values of a large rotation gap (δ = 1.5-3), a large optimization area (N A =300-500) and a weak singular value decomposition (SV D) cutoff of 10 −6 (see Lafrenière et al. 2007; Marois et al. 2010b; Currie et al. 2013 , for definitions). For the inner 3
′′ of the L ′ data, we achieved a slight further gain using smaller optimization areas, while adding pixel masking and speckle filtering (Currie et al. 2012a) and retaining the same SV D cutoff.
Photometric Calibration -To flux-calibrate the H and L ′ data and derive contrast limits, we calculate the brightness of Fomalhaut A observed through the mask in an aperture equal to the measured FWHM and correct for the pupil mask's extinction. For the H-band data, we adopt the extinction estimate from Metchev et al. (2004) of 7.79 ± 0.22 mags. We derive the L ′ coronagraph extinction from comparing the brightness of Fomalhaut as observed through the mask to the A-type star SAO 183818, which was observed immediately after Fomalhaut on July
.06 ± 0.15. We correct for the degradation in our sensitivity due to anisoplanatism from the 2005 H-band data 2 . Finally, we impute artificial point sources into registered images to measure and correct for flux losses from candidate companions due to PSF subtraction and PSF smearing from field rotation (e.g. Lafrenière et al. 2007; Currie et al. 2010 ). ′′ 3-2. ′′ 5, or ∼ 17.5-20 AU at Fomalhaut's distance. The L ′ data are unsaturated outside of the coronagraph spot and thus are sensitive to companions with separations as small as 0.
Results

Reduced Images and Candidate Companions
′′ 5, or ≈ 4 AU.
We detect seven off-axis objects in total (Table 2) . Though the 2002 H-band data are shallow and have only modest speckle suppression, we identify two wide-separation objects (labeled as "1" and "2" in Figure 1 , top-left panel). Both 2005 H-band datasets (bottom panels) reveal 5 more objects, at least one, perhaps two of which have small angular extents consistent with point sources given the PSF undersampling and anisoplanatic effects (θ 0.
′′ 1). As Fomalhaut b might extended at red wavelengths (Galicher et al. 2013) , the other sources we see could in principle be analogues. At the age of Fomalhaut, the brightnesses of the candidate companions are consistent with M ∼ 5-15 M J objects (Baraffe et al. 2003; Spiegel and Burrows 2012) . The L ′ data do not clearly reveal any candidate companions within 5.
′′ of the star (top-right panel). We do not detect any point source at the location of the ∼ 4-σ peak identified in Janson et al. (2012) ([E,N] ′′ = 6.6, -8.7).
To establish whether these objects (Figure 2) . We further added 2009 HST /W F C3 data with basic processing as described in Currie et al. (2012a) and P SF subtraction as performed here for Keck/NIRC2 data. We adopt the narrow camera north position angle offset of -0.252 o , since there should be no difference here between the narrow and wide cameras (H. Fui, 2013, pvt. comm.) : our analysis likewise did not identify clear evidence for an offset. The seven objects have astrometry consistent with that of background objects: the extended sources are then likely background galaxies. Sources 2, 3, and 5 are consistent with previously identified background objects in Currie et al. (2012a) ; Galicher et al. (2013) also show that an object consistent with Source 3 is a background object and flag Source 5 in their images.
Limits on Additional Companions and the Near-IR brightness of Fomalhaut b
Contrast Limits -To derive upper limits on the brightness of Fomalhaut b and additional companions, we calculate the dispersion σ in pixel values at a given angular separation (c.f. Marois et al. 2008b ) over an aperture area with a two (9.4) pixel diameter for H (L ′ ) data to derive the formal 3-σ and 5-σ contrast and apparent magnitude limit. We combine the 2005 H-band data sets to enhance our point source sensitivity 3 .
Figure 3 (top-left panel) displays our 3-σ contrast limits at H and L ′ , where magnitude limits can be derived by adding 0.94 to each curve. The L ′ contrast limit is ∆L ′ ∼ 9.3-11.2 at the smallest separations (r =0.
′′ 5-1 ′′ ). Contrast limits for H-band at r > 13. ′′ and for L ′ at r > 5.
′′ degrade due to anisoplanatism and poorer sky coverage, respectively. The L ′ limits 3 A bound companion moves too little between epochs to affect our limits at H band. Given Fomalhaut b's astrometry (Currie et al. 2012a; Galicher et al. 2013) , it should move ≈0.
′′ 02 between epochs, or ∼ half a NIRC2 pixel. Given the PSF broadening at separations where H-band data are more sensitive than L ′ , this effect is minimal. Three of the four L ′ data sets were obtained within 2 days of one another. ′′ 75-13 ′′ ). We verified that we can detect planets at our contrast limits. For example, in Figure 3 (top-right panel) we input and recover three artificial point sources into the L ′ data with brightnesses equal to our estimated 3-σ contrast limits at 2. ′′ 75, 3.
′′ 15, and 3. ′′ 75 (∆L ′ ∼ 15.25, 15.5, and 15.6).
Planet Detection Limits -To derive mass upper limits from our magnitude limits, we adopt the Hipparcos-measured distance of 7.7 pc, an age of t = 400-500 Myr (Mamajek 2012) , and the Spiegel and Burrows (2012) ("hybrid clouds", solar metallicity) and the Baraffe et al. (2003) COND hot-start planet evolution models to map between H and L ′ magnitudes and planet mass (Figure 3 ). At Fomalhaut's age, planet luminosities are independent of the initial entropy (c.f. Spiegel and Burrows 2012 Kenworthy et al. (2013) and Meshkat et al. (2013) To determine the range of planet masses at r proj = 15-150 AU consistent with nondetections reported in the literature, we combine our results with those from Janson et al. (2012) and Kenworthy et al. (2009) 4 . Planets orbiting Fomalhaut comparable in mass and projected separation to HR 8799 bcde (r proj ∼ 15-70 AU) should have been detected. Over most (all) position angles, HR 8799 bcd-like (HR 8799 bc-like) planets in a ring-nested orbit (i ∼ 66 o , Kalas et al. 2005; Currie et al. 2012a) are detectable in at least one of the data sets. At all projected separations wider than ∼ 45 AU, we rule out a M ≥ 3 M J planet, comparable to the mass of an object modeled as sculpting Fomalhaut's debris ring (Chiang et al. 2009 ).
New IR Detection Limits for Fomalhaut b -We derive a new 3-σ upper limit for Fomalhaut b of m(H) ∼ 23.15, slightly deeper than that derived by Kalas et al. (2008) using the same data, which excludes planets with masses greater than 4-4.5 M J from the Spiegel and Burrows (2012) models and 1.5-2 M J from the COND models for an age of 400-500 Myr. These limits are comparable to those derived from Spitzer/IRAC, Subaru/IRCS, and HST /W F C3 (Janson et al. 2012; Currie et al. 2012a; Galicher et al. 2013) and are typically a few tenths of Jupiter-masses lower than reported by Kalas et al. (2008) using a different metric for determining contrast. No current data are sensitive enough to rule out a Jupiter mass for Fomalhaut b, let alone a Saturn.
Discussion
Given our mass detection limits, Fomalhaut's planetary system is now clearly identified as being different than at least some other planetary systems identified from direct imaging. Fomalhaut has apparently failed to form and retain planets at r proj > 15 AU comparable in mass to directly-imaged planets around HR 8799. However, the mass limits we derive near the disk gap edge at most azimuthal angles are significantly deeper than those derived for debris disk-bearing stars in many direct imaging surveys (e.g. Janson et al. 2013) . Although Fomalhaut's planet inventory is different than that of HR 8799, it may be no different than the typical star with a luminous debris disk. Conversely, a Fomalhaut b-like object at typical distances of these disks (d ≈ 30-50 pc) would probably be undetectable with any currentlyoperating instrument. While a planet with a mass/separation comparable to the candidate around HD 95086 (Rameau et al. 2013) would have been detectable, we cannot rule out a β Pic b analogue from our data (Lagrange et al. 2010) .
Even though Fomalhaut's debris ring has been modeled as being sculpted by a superJovian mass planet, it is still unclear what determines the ring's structure. Planets with masses down to 0.5 M J can sculpt the ring in the Chiang et al. (2009) simulations; perhaps even lower-mass planets located closer to the ring could likewise sculpt it. Planets with masses of 0.5-3 M J and cold atmospheres at Fomalhaut's age are likely as faint as M H ∼ 22-30 (Baraffe et al. 2003; Spiegel and Burrows 2012 ) and thus will be undetectable within the control radius (r 1.
′′ 0) of next-generation instruments like SCExAO, GPI, and SPHERE (Martinache and Guyon 2009; Macintosh et al. 2008; Beuzit et al. 2008) , although a thermal infrared system like NaCo with the Annular Groove Phase Mask (Mawet et al. 2013) or LBT I/LMIRCam (Wilson et al. 2008 ) might image slightly more massive companions. Terrestrial mass "shepherding planets" (Boley et al. 2012) , which would likewise be undetectable, could also truncate the ring. The ring structure could even have non-planet origins (Lyra and Kuchner 2013) if the ring's gas-to-dust ratio is near unity.
To shed further substantial light on Fomalhaut's planet inventory in the next 5-10 years, high-contrast mid-IR imaging with NIRCAM on the James Webb Space Telescope will be key (Krist et al. 2007) . NIRCAM should achieve a 5-σ contrast of > 10 8 at r > 5 ′′ , making even Saturn-mass planets detectable at r 35 AU (c.f. Baraffe et al. 2003; Spiegel and Burrows 2012) . A NIRCAM non-detection of thermal emission from Fomalhaut b may limit its mass to that of a (Super)-Neptune, a range more consistent with models of circumplanetary dust production from collision between satellites (Kennedy and Wyatt 2011) . Fomalhaut b could be the first of many exoplanets studied with JWST. NIRCAM's extreme mid-IR sensitivity will make older (t 250-500 Myr) and/or colder (T ef f 400-500 K) Jupiter-mass planets at moderate/wide (r ∼ 1-10 ′′ ) separations around the nearest stars imageable for the first time (Beichman et al. 2010) , complementing GP I/SP HERE/SCExAO and later 20-30 m class telescope instrumentation (e.g. Hinz et al. 2012 ) focused on imaging jovian planets around younger, more distant stars and/or planets at smaller angular separations.
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